The mammalian circadian clock influences the timing of many biological processes such as the sleep/wake cycle, metabolism, and cell division. Environmental cues such as light exposure can influence the timing of this system through the posttranslational modification of key components of the core molecular oscillator. We have previously shown that DNA damage can reset the circadian clock in a time-of-day-dependent manner in the filamentous fungus Neurospora crassa through the modulation of negative regulator FREquENCy levels by PRD-4 (homologue of mammalian Chk2). We show that DNA damage, generated with either the radiomimetic drug methyl methane sulfonate or uV irradiation, in mouse embryonic fibroblasts isolated from PER2::LuC transgenic mice or in the NIH3T3 cell line, elicits similar responses. In addition to induction of phase advances, DNA damage caused a decrease in luciferase signal in PER2::LuC mouse embryonic fibroblast cells that is indicative of PER2 degradation. Finally, we show that the activity of the BMAl1 promoter is enhanced during DNA damage. These findings provide further evidence that the DNA damage-mediated response of the clock is conserved from lower eukaryotes to mammals.
DNA repair, and/or apoptosis (Bartek et al., 2007; Lukas et al., 2004) . Several of these pathways involve the ATM-mediated activation of Chk2 in mammals , which primarily serves to arrest cellular division (Lukas et al., 2004) .
Early work by Sweeney showed that the circadian clock in Gonyaulax can be reset by uV irradiation (Sweeney, 1963) . Remarkably, unlike other known resetting cues, only phase advances were evident, with the largest occurring in the early evening. We have shown that DNA damage can also reset the circadian clock in a time-of-day-dependent manner in Neurospora (Pregueiro et al., 2006) . DNA damage induced by the radiomimetic drug methyl methane sulfonate (MMS) at various times in the circadian cycle leads to only phase advances in the subjective day. Maximal advances coincide with de novo FRq synthesis and An evolutionarily conserved molecular feedback loop regulates the circadian clock in organisms ranging from fungi to mammals. This transcriptiontranslation feedback loop consists of a positive and a negative arm made up of proteins that serve to regulate gene expression with a period of approximately 24 h. Components of this loop include the negative regulator Frequency (FRq) in the fungus Neurospora crassa and the Period (PER) and Cryptochrome (CRy) proteins in mammals (Dunlap, 1999; Ko and Takahashi, 2006) . Environmental cues, such as light exposure, lead to modification of these core components so that the molecular clock can entrain to the daily variation of a given environmental stimulus.
DNA damage activates specific signal transduction pathways in response to the type of DNA insult, which then leads to events such as cell cycle arrest, minimal advances occur during the subjective night when FRq is mature. These phase advances occur through the direct interaction of PRD-4/Chk2 kinase with FRq, which then phosphorylates FRq and converts hypophosphorylated FRq to a hyperphosphorylated state. This change in phosphorylation leads to FRq degradation and thus shifts the phase of the clock to a time of the day when FRq levels are low.
The connection between DNA damage and the circadian clock has also been investigated in mammals (reviewed in Chen-Goodspeed and Lee, 2007; Gery and Koeffler, 2007; Kondratov and Antoch, 2007) . Work in irradiated Per2 null mice showed that these animals are more susceptible to tumors in the absence of this core clock component than their wildtype counterparts (Fu et al., 2002) . More recently, PER1 has been shown to interact with the DNA damage response (DDR) kinases Checkpoint Kinase 2 (Chk2) and Ataxia Telangiectasia Mutated (ATM) after treatment of cell cultures with ionizing radiation (IR) (Gery et al., 2006) , and the phosphorylation of PER1 by Chk2 has also been shown in the human embryonic kidney 293T cell line (Matsuoka et al., 2007) . From this work it is clear that the circadian clock and its molecular machinery have evolved to respond to DNA damage, to perhaps prevent the exposure of clock-controlled responses from uV insult.
While we were completing this work, a complementary study appeared showing that IR-mediated DNA damage can also reset the mammalian clock in Rat-1 fibroblasts and in mice; as was the case in Gonyaulax and Neurospora, only phase advances were evident (Oklejewicz et al., 2008) . That study provided strong evidence that this response is mediated through ATM as phase advances were ameliorated in IR-treated ATM-deficient primary human cells, as well as in IR-treated RAT-1 fibroblasts that were pretreated with an ATM-specific small molecule inhibitor or with caffeine, a known inhibitor of ATM activity. We report here a similar response to DNA damage in mouse embryonic fibroblast (MEF) cells. uV and MMS treatment of serum-shocked MEFs isolated from PER2::LuC knock-in mice, which express a PER2/LuCIFERASE fusion protein from the endogenous Per2 locus (yoo et al., 2004) , results in only phase advances that change in magnitude depending on the status of PER2. The largest advances occur during de novo PER2 synthesis, minimal advances when PER2 is mature, and DNA damage causes an immediate decrease in PER2::LuC levels, which is indicative of degradation. Finally, we observed enhanced levels of BMAl1 promoter activity after DNA damage in NIH3T3 MEF cells transiently transfected with a BMAl1 promoter construct driving luciferase. Our data, together with Sweeney's work in Gonyaulax, as well as other recent findings in Rat-1 fibroblasts and mice, suggest that this property of the clock is evolutionarily conserved from lower eukaryotes to mammals.
MATERIALS AND METHODS

Animals and Cell Lines
PER2::LuC knock-in mice were kindly donated by Dr. Joseph Takahashi. PER2::LuC MEF fibroblasts were generated from homozygous breeders. Mouse embryos were isolated at embryonic day 14 (E14) and the cells isolated from the individual embryos were immortalized by passaging them for approximately 1 month. Individual PER2::LuC lines were serum shocked in 50% horse serum for 2 h (Balsalobre et al., 1998) and assessed for circadian rhythmicity via realtime bioluminescence monitoring (see below). A line that demonstrated the greatest amplitude and longest sustained rhythm (5-7 days) with a period of approximately 23.5 h (sin fit damped as calculated by the LumiCycle analysis software package) was chosen for this study. PER2::LuC and NIH3T3 cells were passaged in DMEM (Invitrogen, Carlsbad, CA) containing phenol red, 10% FBS, and 1% penicillin/streptomycin.
Real-Time Bioluminescence Monitoring and DNA Damage
Cells were grown to 100% confluence in 35-mm tissue-culture dishes and synchronized via serum shock. The cells were then washed with 1× PBS and replaced with 2 mL of assay medium (L15, 10% FBS, 1% penicillin/streptomycin, 10 mM HEPES, and 0.1 mM luciferin). Phenol red-free L15 medium (Invitrogen) was used in place of DMEM as L15 is specifically formulated for cells grown in a non-CO 2 -equilibrated environment. The tissue-culture dishes were sealed with silicone grease and glass coverslips and then transferred to the LumiCycle (Actimetrics, Wilmette, IL). In some cases, the dishes were synchronized, transferred to the LumiCycle, and then resynchronized prior to DNA damage studies to ensure good rhythm quality.
For DNA damage studies involving MMS, the dishes were removed at the appropriate time after serum shock and 1 mL of medium was transferred to a 15-mL conical tube and stored in a 37 °C water bath. This was done to avoid resetting the clock via a medium change as was previously observed in Rat-1 fibroblasts (Izumo et al., 2006) . MMS (Sigma, St. Louis, MO) or an equivalent volume of vehicle control (assay medium) was then added to give a final concentration of 1 mM to the remaining 1 mL of medium and the dishes were transferred back to the LumiCycle for 2 h. The dishes were then removed, the medium was replaced with the 1 mL of the original conditioned medium, and the dishes were then resealed and transferred back to the LumiCycle for data acquisition. All treatment times indicated reflect the time of release from MMS treatment. Data analyses were performed using the LumiCycle Analysis software program (Actimetrics). The phase of treated cultures was compared with vehicle controls as well as untreated controls to be certain that the manipulations were not undergoing substantial phase shifts. Phase shifts were calculated by comparing the 5th peak after MMS treatment with the peak of the vehicle control.
For DNA damage studies involving uV, the PER2::LuC cells were plated and synchronized as described above. Cells were removed from the LumiCycle at the appropriate time after serum shock, 2 mL of assay medium was removed and stored at 37 °C, and the cells were either irradiated with uV via a Stratalinker 1800 (Stratagene, La Jolla, CA) at a dose of 20 J/m 2 or left untreated (mock control). uV irradiation by this method is an established way to induce DNA damage in NIH3T3 cells in culture (Lee et al., 2006; Sanchez-Prieto et al., 2000; Wu and yung, 2002) . The prewarmed conditioned medium was then added back and the cells were transferred back to the LumiCycle for data acquisition. Phase shifts were calculated by comparing the 4th peak after uV treatment with the peak of the mock treated control. Time point zero is designated as the time when the cells were released from serum shock.
Transfections
NIH3T3 cells were plated in 35-mm tissue-culture dishes (Corning) and transfected with a BMAl1 promoter construct driving the expression of a destabilized luciferase (pBMAl1-dluc), which was kindly provided by Dr. John Hogenesch. Transfections were performed with Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Bioluminescence assays were performed as described above with the exception that the cells were transfected 2 to 3 days prior to synchronization to ensure that the cells were at 100% confluence, and phase shifts were calculated by comparing the 3rd peak after MMS treatment with the peak of the vehicle control.
RESULTS
DNA Damage Induces Phase Advances in PER2::LUC MEF Cells
In Neurospora, DNA damage via the radiomimetic drug MMS generates an atypical phase-response curve (PRC) where only phase advances are evident (Pregueiro et al., 2006) . DNA damage induces a maximum phase advance when de novo FRq synthesis occurs and a decrease in the magnitude of these advances occurs as FRq matures. In this context, we set out to determine whether this response by the clock to DNA damage is conserved in the mammalian system. To assess this, an immortalized MEF cell line was generated from the PER2::LuC knock-in mouse line as described in Materials and Methods. In this MEF cell line, PER2 levels climb from approximately 12-14 to approximately 22-26 h after serum shock. As PER2 plays a logically analogous role in the mammalian clock to that of FRq, we reasoned that DNA damage at the phase of minimal PER2 expression might lead to large phase advances of the clock and these advances should decrease over time as PER2 matures. Thus, by this logic, MMS pulses starting at approximately 12 to 14 h after serum shock were expected to initially yield maximum advances that would decrease in magnitude through approximately 24 to 26 h.
To test this, confluent PER2::LuC MEF cells were treated with either 1 mM MMS to induce DNA damage, or a vehicle control, for 2 h at various times after synchronization. A concentration of 1 mM MMS has been shown to induce DNA damage in the MEF cell line NIH3T3 (Kuo et al., 1997) . As expected, DNA damage induced only phase advances that were persistent several days after MMS treatment ( Fig. 1A) . Interestingly, steady-state advances occurred even when a transient delay was initially observed (Fig. 1A , 30-h treatment).
uV light also induced phase advances in the PER2::LuC MEF cell line, establishing that this res ponse can occur independently of how the DNA damage was induced (Fig. 1B) . This dose of uV was chosen based on previous work in NIH3T3 cells (see Materials and Methods) and preliminary dose-response experiments where a range of 1 J/m 2 to 50 J/m 2 was tested (data not shown). A dose of 20 J/m 2 was selected because this resulted in little to no cell death and did not eliminate rhythmicity, while still causing a change in clock phase. This experiment was performed twice, with Figure 1B representing the experiment with the higher quality rhythms.
DNA Damage Induces an Acute Decrease of Luciferase Activity in PER2::LUC MEF Cells
One major benefit to following the circadian clock in PER2::LuC MEF cells is the ability to track PER2 protein levels in real time, as opposed to following the transcriptional activation of a clock promoter or periodic assessments via Western blot analysis. In Neurospora, DNA damage induces the largest phase advances during the phase of the clock when FRq is initially expressed, and this resetting is mediated by PRD4/ CHK2-dependent phosphorylation and subsequent degradation of FRq. Similarly, a decrease in PER2::LuC levels, as measured by luciferase activity, is seen during MMS treatment at 14, 18, and 22 h after serum shock, which is the phase of the clock when PER2 levels are increasing ( Fig. 2A) . Similarly, a decrease in luciferase activity at 12, 16, and 20 h was observed immediately following uV treatment (Fig. 2B) . These data indicate that PER2 protein degradation is triggered by factors that damage DNA, with the magnitude of the reduction dependent on the status of PER2. This is consistent with our hypothesis that the negative arm of the clock is impacted at phases of the clock when PER2 levels are increasing.
DNA Damage Yields an Atypical PRC in PER2::LUC MEF Cells
Treatment with 1 mM MMS at various time points spanning most of the first cycle of PER2 expression yields maximum phase advances when PER2 is initially expressed as demonstrated in a representative PRC (Fig. 3A) , consistent with DNA damage-mediated PRC data in Rat-1 fibroblasts (Oklejewicz et al., 2008; Fig. 3B ). The timing of the decreased sensitivity to DNA damage is very similar from 24 to 30 hours after synchronization, but sensitivity to DNA damage in PER2::LuC cells decreases more rapidly (by about 2 h) at 32 and 34 h in MEFs compared with the RAT-1 cells. This minor inconsistency may be due to a number of different variables such as methods of synchronization, methods of DNA damage, or in the differing cell lines used to follow the clock.
One property of the PER2::LuC MEF cell line we observed was variability of the timing of the first peak of PER2, where the peak expression of PER2 during the first cycle occurred between 22 and 26 h after synchronization ( Fig. 3C  and D) . This variability, in some cases, resulted in MMS causing large advances when slight advances were anticipated. For instance, in the separate experiments depicted in Figure 3C and D, MMS was given between 32 and 34 h after serum shock in both cases. Typically this is a time when PER2 levels are still declining (as shown in Fig. 3C ), but in the experiment represented in Figure 3D , PER2 expression happened earlier after clock synchronization. As a consequence, MMS treatment occurred during the beginning of the 2nd cycle of PER2 resulting in a large phase advance. This "exception to the rule" further supports the observation that maximal advances occur during de novo PER2 synthesis.
DNA Damage Leads to Phase Advances in NIH3T3 cells and Induces Bmal1 promoter Activity
For purposes of comparison and to more fully understand the molecular basis of the resetting response, MMS treatments were carried out at various phases in synchronized NIH3T3 cells transiently trans fected with a mouse BMAl1 promoter construct driving luciferase expression . As with the PER2::LuC cells, only phase advances were observed with the largest occurring at 24 h after serum shock, and diminishing at 28 and 32 h after serum shock when PER2 levels decrease (Fig. 4A) . Although a full PRC was not generated, these data are consistent with what was observed in the PER2::LuC MEF line. In addition to phase advances, we consistently observed a substantial enhancement of BMAl1 promoter activity to levels much higher than that observed in the control treated cells, and this increase occurred irrespective of when the pulse was given ( Fig. 4B and C) . These data are consistent with previous findings in mice that showed that BMAl1 is a late responder to IR-mediated DNA damage (Fu et al., 2002) .
DISCUSSION
Our initial surprise at the unexpected observation of an all-advance PRC to MMS in Neurospora (Pregueiro et al., 2006 ) has now given way to a relative sense of inevitability as additional all-advance PRCs to DNA damage in different systems have emerged or been rediscovered. It is noteworthy that all the full PRCs available (Gonyaulax: Sweeney, 1963; Neurospora: Pregueiro et al, 2006 ; Rat-1 fibroblasts: Oklejewicz et al, 2008 ; and, finally, PER2::LuC MEFs and NIH3T3 cells: this study) report only advances, and in the systems where the molecular underpinnings of the rhythms are somewhat understood (Neurospora and mammalian cells), the phasing is mostly consistent with larger advances seen when negative elements in the loop are being synthesized. Dose-and phasedependent phase shifting with uV light has also been reported for Paramecium (Ehret, 1960) ; delays were reported there, but treatments were reported from only 1 phase and the rhythm was followed only for 2 cycles, so it may be that, as seen here in Figures 1 and 2 , initial delays could have resolved into advances had the experiment been continued. The phase of maximum sensitivity reported for Gonyaulax is different from that seen in Neurospora or the mammalian cell lines, but it is hard to assign significance to this absent more information as to the phases at which clock-critical proteins are made in that system.
Experimental evidence has shown that PER1 interacts with Chk2 and ATM (Gery et al., 2006) and that it is phosphorylated during DNA damage (Matsuoka et al., 2007) . DNA damage with MMS or uV irradiation causes a decrease in luciferase signal in PER2::LuC MEF cells, which is indicative of PER2 degradation, and we observe the greatest advances during the phase of the clock when PER2 levels are increasing. Consistent with our findings, IR-mediated DNA damage in whole mice induced a phase advance of behavioral rhythms that were much stronger at CT6 compared with IR irradiation at CT22 (Oklejewicz et al., 2008) . CT6 corresponds to the time of day when PER1 and PER2 are initially expressed in the SCN, compared with CT22 when PER1 and PER2 levels are decreasing (Godinho et al., 2007) . That this response is maintained in the SCN, which is less likely than peripheral tissues to be exposed to DNA damaging agents, reinforces the notion that this is a core property of the clock.
That PER2 appears to be degraded was of interest given that the molecular connection between the DDR and the clock in mammals has only been demonstrated for PER1. The mammalian oscillator contains many negative arm components (PER1, PER2, CRy1, and CRy2), and it may be that degradation of several of these components, for instance PER1 and PER2, is needed for proper resetting of the clock during DNA damage. In addition to the PER1/ATM interaction previously referenced, inhibition of ATM activity via an ATM specific inhibitor and caffeine leads to amelioration of DNA damage-induced phase advances in Rat-1 fibroblasts (Oklejewicz et al., 2008) , which reinforces the importance of this pathway in the clock's response to DNA damage. It stands to reason that the ATM/Chk2 pathway is most likely responsible for the degradation of PER2, but it is presently unclear exactly if or how this pathway is involved. The magnitude of the reduction in luciferase signal increases as PER2 matures, which is a bit surprising because one might expect the greatest effect on PER2 to transpire early on when the largest phase advances occur. A simple explanation for this is that there is simply less PER2 at this time, and therefore little degradation would be expected. Another possibility is that as PER2 matures and becomes progressively phosphorylated it is more sensitive to degradation, as is the case for FRq in Neurospora (Pregueiro et al., 2006) . Therefore, PER2 expressed early in the cycle, for example, at 12 or 14 h after serum shock, might be more resistant to degradation because it is more sparsely phosphorylated and thus less primed for degradation, as opposed to later in the cycle when PER2 is more highly phosphorylated.
Finally, we show that BMAl1 promoter activity is induced after DNA damage independently of when the damage occurs. It has been shown in Rat-1 cells that there is no induction of BMAl1 transcription up to 4 h after DNA damage (Oklejewicz et al., 2008) and that BMAl1 is a late responder to DNA damage (Fu et al., 2002) . Our data are in agreement with both studies inasmuch as we do not see induction of the BMAl1 promoter to levels higher than the treatment control until 7 to 8 h after DNA damage.
In addition to a nonfunctional circadian oscillator, BMAl1 knockout mice present many physiological abnormalities, such as premature aging (Kondratov et al., 2006) . This suggests a clear role for this gene in processes other than control of the molecular clock. It has been shown that WEE1 kinase is clock controlled and transactivated directly by BMAL1 (Matsuo et al., 2003) . WEE1 controls the timing of mitosis entry through the phosphorylation of cyclin-dependent kinases (Kellogg, 2003) . DNA damage transiently induces WEE1 in yeast and leads to cell cycle arrest at the G2 phase (Raleigh and O'Connell, 2000) . Furthermore, recent work has shown that the cell cycle inhibitor protein p21 is a clock-controlled gene that is regulated by the positive arm proteins ROR and Rev-erb, which also control the expression of BMAl1 (Grechez-Cassiau et al., 2008) . Figure 5 presents a flow diagram that summarizes our results, places them in context with related studies, and offers a plausible molecular explanation for the DNA damage-related clock response. IR-mediated DNA damage causes increased PER1 nuclear localization (Gery et al., 2006) . PER1 phosphorylation is then increased through direct association with ATM/CHK2 (Gery et al., 2006, and Matsuoka et al., 2007) . It is presently unknown whether PER2 or any of the other negative arm proteins (the CRys, for instance) behave in a similar manner. Phosphorylation of PERs then potentially leads to their degradation. Our data suggest a reduction in PER2 levels; however, the status of other negative arm proteins, such as PER1, under these conditions is presently unknown. Loss of these PER proteins potentially causes the increased BMAl1 promoter activity we observed and consequently an increase in the levels of BMAl1 mRNA as was previously observed in IR-treated mice (Fu et al., 2002) . Increased BMAL1 could potentially coincide with p21 induction as they are both controlled by RORs and Rev-erbs (Grechez-Cassiau et al., 2008) . Additionally, an increase in BMAL1 may lead to an increase in WEE1 levels, inasmuch as this kinase has been shown to be a clock-controlled gene directly activated by BMAL1 (Matsuo et al., 2003) , or in other output genes involved in the cessation of cellular proliferation or DNA damage repair.
These data support past findings that the components of the core molecular clock may play a role in DNA damage responses and offer new insight as to how this occurs in the mammalian system. However, the biological relevance of the DNA damage-mediated resetting of the clock remains unclear. Further study is needed to determine the true significance of the conserved clock response to DNA damage and our findings provide clues toward this endeavor.
